Time Reversal Violation (TRV) interactions between quarks which appear in Standard Model (SM) and beyond-SM theories can induce TRV components in the nucleon-nucleon potential. The effects of these components can be studied by measuring the electric dipole moment (EDM) of light nuclei. In this work we present a complete derivation of the TRV nucleon-nucleon and threenucleon potential up to next-to-next-to leading order (N2LO) in a chiral effective field theory (χEFT) framework. The TRV interaction is then used to evaluate the EDM of 2 H, 3 H and 3 He focusing in particular on the effects of the TRV three-body force and on the calculation of the theoretical errors. In case of a measurement of the EDM of these nuclei, the result of present work would permit to determine the values of the low energy constants and to identify the source of TRV.
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I. INTRODUCTION
The violation of parity (P) with the conservation of charge conjugation (C) generates a CP violation that, using the CPT theorem, results in a time reversal violation (TRV). TRV is a key ingredient in the explanation of the observed matter-antimatter asymmetry in the Universe [1] . The Standard Model (SM) has a natural source of CP-violation in the Cabibbo-KobayashiMaskawa (CKM) quark mixing matrix, however this mechanism is not sufficient for explaining the observed asymmetry [2] . This discrepancy opens a window in possible TRV effect in the SM, such as the θ-term in the Quantum Chromodynamics (QCD) sector [3] , or in other sources of beyond-SM (BSM) theories [4] .
The measurement of Electric Dipole Moments (EDMs) of particles is the most promising observable for studying TRV beyond CKM mixing matrix effects. Indeed, the EDM induced by the complex phase of the CKM matrix are suppressed since the EDM does not involve flavour changing [4] [5] [6] [7] . Therefore, any non-vanishing EDM of a nuclear or an atomic system would highlight TRV effects beyond the CKM mixing matrix. The present experimental upper bounds on the EDMs of neutron and proton are |d n | < 2.9·10
−13 e fm [8] and |d p | < 7.9·10 −12 e fm, where the proton EDM has been inferred from a measurement of the diamagnetic 199 Hg atom [9] using a calculation of the nuclear Schiff moment [10] . For the electron, the most recent upperbound is |d e | < 8.7 · 10 −16 e fm [11] , derived from the EDM of the ThO molecule.
In this context, there are proposals for the direct measurement of EDMs of electrons, single nucleons and light nuclei in dedicated storage rings [12] [13] [14] [15] [16] . This new approach plans to reach an accuracy of ∼ 10 −16 e fm, improving the sensitivity in particular in the hadronic sector. Any measurement of a non-vanishing EDM of this magnitude would be the evidence of TRV beyond CKM effects. However, a single measurement will not be sufficient to identify the source of TRV. For this reason, the measurement of EDM of various light nuclei such as 2 H, 3 H and 3 He can impose constrains on the TRV sources. On the other hand, also spin rotation of polarized neutrons along the y-axis can be used as probe for TRV [17] [18] [19] [20] [21] . This explorative study is motivated by the new sensitivity reached by various cold neutron facilities such as the Los Alamos Neutron Science Center, the National Institute of Standards and Technology (NIST) Center for Neutron Research, and the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory. Even if the sensitivity of the spin-rotation on TRV is far away from the present sensitivity of the EDM, this observable addresses the same physics of the EDM, posing, for the future, as a complementary and independent test for TRV in nuclei. Also other TRV observables in proton-and neutron-nucleus scattering have been proposed as probes of TRV effects [21] [22] [23] [24] [25] .
The use of light nuclei to study TRV results to be advantageous because the nuclear physics of the systems is theoretically under control and so the TRV effects can be easily highlighted. In particular, the chiral effective field theory (χEFT) has provided a practical and successful scheme to study two and many-nucleon interactions [26, 27] and the interaction of electroweak probes with nuclei [28] [29] [30] [31] [32] [33] [34] . The χEFT approach is based on the observation that the chiral symmetry exhibited by QCD has a noticeable impact in the low-energy regime. Therefore, the form of the strong interactions of pions among themselves and other particles is severely constrained by the transformation properties of the fundamental Lagrangian under Lorentz, parity, time-reversal, and chiral symmetry [35, 36] . The Lagrangian terms can be organized as an expansion in powers of Q/Λ χ , where Λ χ ≃ 1 GeV specifies the chiral symmetry breaking scale and Q is the exchanged pion momentum. Each term is associated to a low-energy constants (LECs) which are then determined by fits to experimental data.
The χEFT method permits to construct also an effective TRV Lagrangian treating all possible sources of TRV. The TRV Lagrangian induced by the θ-term was derived in Refs. [37, 38] . Also BSM terms such as supersymmetry, multi-Higgs scenarios, left-right symmetric model etc. induce TRV operators at the quark-gluon level which appear at level of dimension six (see for example Ref. [39] ). The χEFT Lagrangians for these sources were derived in Refs. [38, [40] [41] [42] . This approach permits not only to determine the TRV interactions but also to estimate the chiral order of the LECs and their values as function of the fundamental parameters, providing a direct connection between the fundamental theories and the nuclear observables [37, 38, 40] . To be noticed that the chiral order of the Lagrangian terms, which is determined by the products of the chiral order of the dynamical part and that of the LECs, really depends on the particular source of TRV. Therefore, when the LECs will be determined experimentally it will be possible to identify the dynamical properties of the TRV source [42, 43] .
Starting from the TRV Lagrangian, de Vries et al. [44] and also Bsaisou et al. [45] derived the chiral potential up to next-to-next leading order (N2LO) including only nucleon-pion interaction and contact interactions. In both works also the electromagnetic currents which play a role at N2LO for the EDM were derived but only in Ref. [45] they were used to evaluate the EDM of the deuteron. In Ref. [46] the calculation of the EDM of 2 H, 3 H and 3 He was performed using only the one-pionexchange part of the TRV potential coupled with phenomenological potential for the parity conserving (PC) part of the interaction.
Subsequent works showed the presence in the TRV Lagrangian of a three-pion term [38] , which was included in the calculation for the first time by Bsaisou et al. [47] . This term generates at next-to-leading order (NLO) also a TRV three body force, which contribution to the 3 H and 3 He EDM was found to be smaller than expected by the chiral counting. The calculation reported in Ref. [47] was also the first to use a complete chiral approach including the TRV potential up to NLO and the PC potential up to N2LO.
The aim of this work is twofold: First, the construction of a TRV potential up to N2LO considering all possible TRV interaction terms in the χEFT without making any assumption for the chiral order of the LECs. In this way all possible sources of TRV can be studied just setting the LECs to their estimated values and turning on and off the various terms in the Lagrangian. The second is the study of the EDM of 2 H, 3 H and 3 He, providing a suitable framework for the future determination of the LECs. In our calculation the contribution of the TRV three-body force is found to be sizably larger than reported in Ref. [47] .
Finally, it is worthy to mention that exists a different approach to the derivation of the TRV nuclear forces based on meson-exchange model [19] . This model includes pion and vector-meson exchange with 10 unknown meson constants. Such a theory, which has a wider energy range of validity but it is less systematic and with no direct connection with the fundamental Lagrangian, has been used to study the EDM of light nuclei [19, [48] [49] [50] and the neutron spin rotation n − p [20] and n − d [19, 22] scattering.
The present paper is organized as follows. In Sec. II we will present the TRV chiral Lagrangian up to order Q 2 relevant for the calculation of the TRV potential, while in Sec. III we derive the TRV potential at N2LO. In Sec. IV, we report the results obtained for the EDM of 2 H, 3 H and 3 He using the N2LO potential. Finally, in Sec. V we present our conclusions and perspectives. The technical details relative to the contributions of the various diagrams, and of the derivation of the potential in configuration space are given in Appendices A, B and C. Moreover, in Appendix D we will give some details of the calculation of the trinucleon wave function negativeparity component and about the convergence of the TRV three body force contribution.
II. THE TRV LAGRANGIAN
The various possible sources of TRV in SM induce a TRV N N and N N N potential. This potential can be constructed starting from a pion-nucleon effective Lagrangian which includes, in principle, an infinite set of terms which violates the chiral symmetry as the fundamental (quark-level) Lagrangian. The effective Lagrangian can be ordered by a power counting scheme which permits to select the most important interactions. In literature the chiral order of the TRV Lagrangian is determined by considering the estimated order of the LECs [37, 38, 40] which, however, is source dependent.
In this section we present only the TRV Lagrangian terms which can give some contribution to TRV N N and N N N potential up to N2LO in terms of pion field. In order to remain source independent we consider isoscalar, isovector and isotensor terms and we determine the chiral order of the TRV Lagrangian considering only the dynamical part. Namely, in the following we will consider all the TRV LECs to be equally important. To deal with a specific source of TRV, it will be sufficient to set some of the LECs to be zero, etc. At order Q 0 the TRV pion-nucleon Lagrangian includes three terms [37, 38] 
where π is the pion field and ψ is the nucleon field. To be noticed that the isotensor term is usually considered of higher order. At the same order a purely pionic interaction appears [38] , which reads
where M = 938.88 MeV is the average nucleon mass. At order Q we have only one term that can give contribution to the potential up to N2LO and it reads, given explicitly as,
while no Lagrangian terms for the pure pionic interaction are allowed. At order Q 2 we get six new contributions,
where S, V , T stand for isoscalar, isovector and isotensor respectively and f π ≃ 92 MeV is the pion decay constant. The three-pion interaction that appears at this level gives contributions of order Q 2 to the TRV nuclear potential which is beyond our purpose, therefore we do not consider it. The Lagrangian contains also four-nucleon contact terms L CT TRV representing interactions originating from excitation of resonances and exchange of heavy mesons. At lowest order L CT TRV contains only five independent four-nucleon contact terms with a single gradient.
In the following we also need the PC Lagrangian up to N2LO:
where the building blocks U , u µ , χ + , χ − and the covariant derivative D µ are defined in Ref. [51] . We have omitted all the terms not relevant in the present work (for the complete expression for Lagrangian L
N π and L
N π in Ref. [52] ). Four-nucleon contact terms (see, for example, Refs. [53, 54] ) are lumped into L P C CT . The parameters c 1 , c 2 , c 3 , c 4 , d 16 , and d 18 are LECs entering the PC Lagrangian. All the constants entering the terms discussed in this section have to be considered as "bare" parameters (i.e. unrenormalized).
III. THE TRV POTENTIAL UP TO ORDER Q
In this section, we discuss the derivation of the TRV N N and N N N potential at N2LO. We provide, order by order in power counting the formal expressions for it in terms of the time-ordered perturbation theory (TOPT) amplitudes, following the scheme presented in Ref. [51] . Then, the various diagrams associated with these amplitudes are discussed (additional details are given in Appendix B). We will give also some hints in the renormalization of the coupling constants.
A. From amplitudes to potentials
We start considering the conventional N N scattering amplitude N ′ N ′ |T |N N , where |N N and |N ′ N ′ represent the initial and final two nucleon state and T can be written as,
where E i is the initial energy of the two nucleons, H 0 is the Hamiltonian describing free pions and nucleons, and H I is the Hamiltonian describing interactions among these particles. To be noticed that in Eq. (10) the interaction Hamiltonian H I is in the Schrödinger picture and that, at the order of interest here, it follows simply from
, where L I is the interaction Lagrangian in interaction picture. Vertices from H I are listed in Appendix A. The N N scattering amplitude can be organized as an expansion in powers of Q/Λ χ ≪ 1, where Λ χ ≃ 1 GeV is the typical hadronic mass scale,
where T (n) ∼ Q n . The T matrix in Eq. (11) is generated, order by order in the power counting, by the N N potential V from iterations of it in the Lippmann-Schwinger (LS) equation,
where G 0 denotes the free two-nucleon propagator. If we assume that,
with V (n) of order Q n , it is possible to assign to any T (n) the terms in the LS equation that are of the same order. Generally in term like [V (m) G 0 V (n) ] is of order Q m+n+1 because G 0 is of order Q −2 and the implicit loop integration brings a factor Q 3 (for a more detailed discussion, see Ref. [33] ).
In our case the two nucleons interact via a PC potential plus a very small TRV component. The χEFT Lagrangian implies the following expansion in powers of Q for T = T P C + T T RV :
Assuming that the potential V = V P C + V T RV have a similar expansion,
we can match order by order the T and the terms in the LS equation obtaining the form definition of the TRV N N potential from the scattering amplitude,
The generalization for the N N N TRV potential is straightforward.
B. The N N TRV potential
We define the following momenta,
where p j and p ′ j are the initial and final momenta of nucleon j. From the overall momentum conservation
in this way is possible to write the TRV N N potential as,
where the term V (P )
T RV (k, K) [55] , the potential in the center-of-mass (c.m.) frame. Below we ignore these boost corrections and provide expressions for V (c.m.)
The diagrams that give contribution to the N N TRV potential are shown in Fig. 1 . We do not consider diagrams which give contribution only to the renormalization of the LECs. In this section we write the final expression of the N N TRV potential V (c.m.) T RV as,
namely as a sum of terms due to one-pion exchange (OPE), two-pion exchange (TPE), three-pion exchange at NLO (3π,0) and at N2LO (3π,1), relativistic corrections derived from the OPE (RC) and from the 3π-exchange (3π,RC), and contact contributions (CT). From
Time-ordered diagrams contributing to the TRV potential (only a single time ordering is shown). Nucleons and pions are denoted by solid and dashed lines, respectively. The open (solid) circle represents a PC (TRV) vertex.
now on we define also g * 0 = g 0 + g 2 /3 (see Appendix B for details). The OPE term is the contribution of diagram (a) of order Q −1 (LO) and it reads,
where there are an isoscalar, an isovector and an isotensor components and g * 0 = g 0 + g 2 /3. The coupling constants g A /f π , g * 0 , g 1 , g 2 are renormalized coupling constants, having reabsorbed the various infinites generated by loops and given as combinations of the "bare" LECs entering the Lagrangian. The expression for g A /f π is the same as reported in Ref. [51] . The LECs g
S2 , etc. enter in Eq. (24) through the renormalized constants g 0 , etc. (see Appendix B for more details). Note that, as mentioned before, the correct expressions of the renormalized constants in term of the bare ones should contain also the contributions of additional diagrams not considered here (see Ref. [51] for the procedure to be followed for the PC and PV potentials, respectively).
The TPE term comes from the not singular contribution of panels (e)-(h) of Fig. 1 , taking also into account the subtracting terms given in Eq. (20) . As discussed in Appendix B this term has no isovector component, in agreement with the result reported in [44] . Therefore, as reported in Eqs. (B10) and (B17), we have,
where the loop functions L(k) and H(k) are defined in Eqs. (B11) and (B18). In this and the following NLO and N2LO terms the bare coupling constants g A , f π , g * 0 , . . . can be safely replaced by the corresponding physical (renormalized) values.
The 3π-exchange term gives a NLO contribution through the diagram (i) of Fig. 1 ,
where A(k) is defined in Eq. (B22). The expression obtained in Eq. (26) is in agreement with the expression derived in Refs. [38, 40] .
at N2LO. The expression for this diagram is derived in Appendix B, here we report the final result only,
Note in Eq. (27) the presence of the c 1 , c 2 and c 3 LECs, which belong to the PC sector. In Eqs. (26) and (27) T RV term of the potential takes into account contributions from the RC of the vertices in the OPE of panel (a),
where, as for the OPE, we have an isoscalar, an isovector and an isotensor term. Also the diagram of Fig. 1 (i) gives a contribution to the at N2LO, both from the RC of the vertices, and from NLO in the pion propagators (see Appendix B). The final expression we obtain is
where in Eqs. (28) and (29) the TRV coupling constants are renormalized to order Q 2 . Last, the potential V 
Above C 1 , C 2 , C 3 , C 4 and C 5 are renormalized LECs since they have reabsorbed various singular terms coming from the TPE diagrams, 3π diagrams and the relativistic corrections. Note that it is possible to write ten operators which can enter V (CT)
T RV at order Q but only five of them are independent. In this work we have chosen to write the operators in term of k, so that the r-space version of V (CT) T RV will assume a simple local form with no gradients. We want also to remark that the C 2 , C 4 and C 5 LECs are needed in order to reabsorb the divergences coming from the TPE and 3π exchange diagrams.
In the calculation of the EDM in Sec. IV, the configuration space version of the potential is needed. This formally follows from
where r = r 1 − r 2 and R = (r 1 + r 2 )/2, and similarly for the primed variables. In order to carry out the Fourier transforms above, the integrand is regularized by including a cutoff of the form
where the cutoff parameter Λ is taken in the range 450-550 MeV. With such a choice the V (OPE)
T RV , and V
(CT)
T RV components of the resulting potential are local, i.e., r
, while the RC component contains mild nonlocalities associated with linear and quadratic terms in the relative momentum operator −i∇. Explicit expressions for all these components are listed in Appendix C 1.
C. The N N N TRV potential
The 3π TRV vertex gives rise to a three body contribution through the diagram (m) in Fig. 1 . The lowest contribution appears at NLO while at N2LO the various time ordering cancel out (see Appendix B). The final expression for the NLO of the N N N TRV potential is,
which is in agreement with the expression of Ref. [38, 40] . Also in this case we need the Fourier transform of the potential. Using the overall momentum conservation
, which give us that k 3 = −k 1 −k 2 , and defining Q = k 1 + k 2 and q = k 1 − k 2 the Fourier transform becomes,
where x 1 = r 2 − r 1 and x 2 = r 3 − (r 1 + r 2 )/2. Note that with this choice of Q and q, the form of the Jacobi vectors appear automatically. We use the regularization function reported in Eq. (32), where we replace k with Q, namely,
which gives a local form of the N N N TRV potential. A complete description of how to carry out the integration in the Fourier transform is given in Appendix C 2.
IV. RESULTS
In this section, we report results for the EDM of 2 H, 3 H and 3 He. Hereafter, we do not use the barred notation for the renormalized LECs but all the coupling constant must be considered as renormalized. The calculations are based on the TRV N N potential derived in the previous section (and summarized in Appendix B) and on the (strong interaction) PC N N potential obtained by Entem and Machleidt at next-to-next-to-next-to-next-to-leading order (N4LO) [26] . These potentials are regularized with a cutoff function depending on a parameter Λ; its functional form, however, is different from the adopted here for V T RV . Below we consider the versions with Λ = 450 MeV, 500 MeV, and 550 MeV. The calculations of 3 H and 3 He EDMs also include the N N N TRV nuclear potential derived in Sec. III C and the PC N N N potential derived in χEFT at N2LO. As for the N N PC potential, it depends on a cutoff parameter Λ which is chosen to be consistent with those in the PC and TRV N N potentials. The three-nucleon PC potential depends, in addition, on two unknown LECs, denoted as c D and c E and also on the LECs c 1 , c 3 and c 4 . In this work, we use the values reported in Table III of Ref. [56] . The V (3π,1)
T RV term of the TRV potential depends on the LECs c 1 , c 2 and c 3 which are taken from f π = 92.4 MeV are adopted. This section is organized as follows. In Sec. IV A, we present the general expression for the EDM operator and the results for the deuteron EDM, while in Sec. IV B we present the calculation of the 3 H and 3 He EDMs.
A. Deuteron EDM
The EDM operatorD is composed by two parts,
TheD PC receives contribution at LO from the nuclear EDM polarization operator
where e > 0 is the electric unit charge, τ z (i) and r i are the z component of the isospin and the position of the i-th particle. TheD TRV LO contribution comes from the intrinsic nucleon EDM,
where d p and d n are the EDM of proton and neutron respectively and σ(i) is the spin operator which act on the i-th particle. As discussed in Refs. [45, 46] both theD PC andD TRV receive contributions from transition currents at N2LO. Of course, a complete treatment of the EDM up to N2LO needs to take care of them but hereafter we neglect their contribution, showing only the effects of N2LO TRV potential. In future work we plan to include the N2LO current contributions in the calculations. The nucleon EDM of an A nucleus can be expressed as
where |ψ A + (|ψ A − ) is defined to be the even-parity (oddparity) component of the wave function. In general, due to the smallness of the LECs, the EDM can be expressed as linear on the TRV LECs,
where the a i for i = 0, 1, 2, a ∆ , A i for i = 1, . . . , 5 and a p , a n are numerical coefficients independent on the LECs values (however, they do depend on the cutoff Λ in the PC and TRV chiral potentials). We evaluate also the theoretical errors associated with the chiral expansion of the nuclear potential. We express the error on the numerical coefficients for the deuteron as,
where δa
is the error associated to the chiral expansion of the PC potential and δa TABLE II . Values of the deuteron coefficients an and ap in units of dp and dn and of a1, a∆, A3, A4 in units of e fm for the three different choices of cutoff parameters Λ.
in the calculation of the errors we used the mass of the pion. It is straightforward to understand that the errors are dominated by the TRV part because we are using the N2LO potential for it and the N4LO potential for the PC part.
The coefficients for the deuteron, evaluated with the N4LO PC potential and the N2LO TRV potential and the associated errors for the three different choices of the cutoff parameters, are given in Table II . The coefficients a p and a n multiplying the intrinsic neutron and proton EDM, as already pointed out first in Ref. [49] and then in Ref. [47] , are given by,
where P D is the percentage of D-wave present in the deuteron wave function. The values of a n and a p obtained using the Entem and Machleidt at N4LO for three different choices of the cut off are reported in Table II. The operatorD PC for the deuteron reduces tô
in Eq. (41) receives contribution only from the component 3 P 1 which has T = 1. This component is generated by the TRV potential components proportional to (σ 1 + σ 2 ), namely those proportional to g 1 , ∆ 3 , C 3 and C 4 .
The coefficient a ∆ can be written as, . In Table III we report the values of the coefficients a ∆ (i) evaluated using the N4LO PC potential for the various cut-off. We observe that, taking individually the coefficients which multiplies the LECs c i , their correction to the NLO is between 13 − 23% which is in line with what we expect from the chiral expansion. However, using the values of c i given in Table I the large error associated with this coefficient reported in Table II . On the other hand, the V (3π,RC) T RV contribution is about ∼ 4% as expected for a relativistic corrections. We notice also that the values of the coefficients for the three different cut-off are compatible within the error bars.
We now compare our results with the values reported in Ref. [47] where the Authors used the same TRV potential at NLO with a N2LO PC potential with three-body forces [53, 57] . In Table IV we compare our results obtained with our TRV potential up to NLO and N2LO with a cutoff Λ = 500 MeV with the ones reported in Ref. [47] .
In order to compare the values of the A i coefficient we divide the reported values for
χ fπ which permits to connect the two potentials. As can be seen from Table IV , our values at NLO seem to be systematically larger compared to the values reported in Ref. [47] . Even if we use a different PC potential, the reason should be found in the different regularization function. However, from a qualitative point of view there is a substantial agreement with Ref. [47] . Similar agreement has been founded for a 1 with the result reported in Refs. [19, 49, 50] [58, 59] from the Hamiltonians N4LO/N2LO-500, N4LO/N2LO-450 and N4LO/N2LO-550 discussed in Sec. IV. Moreover, we evaluated also the errors on the numerical coefficients due to the chiral expansion as,
and δa
are the same as in Eq. (42), while δa ψ i is the error associated to the numerical accuracy of the 3-body wave function which we estimated to be of the order of ∼ 1%. The calculated values of the numerical coefficients for the three choices of the cutoff with their associated errors are reported in Table VI .
The a ∆ can be written as,
where a ∆ (0), a ∆ (1), a ∆ (2), a ∆ (3) and a ∆ (RC) are defined as in Eq. (44) while a ∆ (3N ) represents the TRV 3-body potential contribution. In Table V we report the values of the coefficients a ∆ (i) evaluated using the N4LO/N2LO-Λ PC potential for the various cut-off. The a ∆ (3N ) give a correction to a ∆ (0) of the order of the ∼ 25%, which is in line with the chiral perturbation theory prediction because both the contributions appear at the same order. For completeness we report in Table VIII of Appendix D the convergence pattern of this contribution as function of the HH basis expansion. For both 3 H and 3 He, using the values of the c i reported in Table I , we have found a correction to a ∆ (0) due to V that appears at N2LO is also reflected in the large uncertainties associated with this coefficient. Again, the estimated uncertainties depends critically on the adopted values of c 1 , c 2 , and c 3 (see Table I ).
The contribution of the TPE diagrams to a 0 and a 2 are of the order of ∼ 45% and ∼ 40% respectively which is larger than expected from the chiral convergence and they are due mainly to the box diagram in Fig. 1 other hand, the RC to a 0 , a 1 and a 2 are of the order of ∼ 1 − 3% perfectly consistent with the prediction of the chiral perturbation theory. The effects of the PC N N N potential on the values of all the coefficients is around ∼ 2%. From Table VI it is possible also to observe that the values of the numerical coefficients are mostly equal in modulus between 3 H and 3 He except a p and a n . Moreover, it is possible to observe that the isovector terms have the same sign for 3 H and 3 He. The isovector part of the TRV potential depends on the third component of the isospin, therefore the |ψ A − wave function component generated has a sign − for 3 H and a + for 3 He. However, in theD PC there is the τ z (i) operator which bring again a sign − for 3 H and + for 3 He giving in total a +.
In Table VII we compare our calculations at NLO for a value of the cutoff Λ = 500 MeV with the values reported in Ref. [47] . As can be seen inspecting the values of the coefficients evaluated at NLO, there is a nice agreement with the results of Ref. [47] . The numerical differences (which however are within the error bars reported in Ref. [47] ) must be searched in the different PC potential and in the different regularization function in the TRV potential employed here. On the other hand for a (3) ∆ , the pure three body part of a ∆ , the difference is of one order of magnitude which can not be explained by the different regularization function used. We found a good agreement for the values of a 0 and a 1 with the results obtained using a phenomenological potential and the meson exchange TRV potential in Refs. [49, 50] while we obtain smaller values compare to Refs. [42, 48] .
In the case of 3 H and 3 He we studied also the dependence of the values of the coefficients on the chiral order of the PC potential. As example, in Fig. 2 and 3 we show the values of the coefficient a 0 and a differ by less than 5% which confirm the robustness of the calculation.
V. CONCLUSIONS
In this work we derived the TRV N N and N N N potential at N2LO. In order to derive the potential we have considered the most generic Lagrangian without any specific hypothesis for the TRV source. With the derived potential, we have calculated the EDM of 2 H, 3 H and 3 He investigating the effect of the N2LO components. We have found that the sensitivity of the light nuclei EDM to the LEC ∆ 3 found at NLO, is well reduced by the N2LO contribution which is a quite unexpected behavior inside the chiral perturbation framework. We also checked the robustness of our calculation, evaluating the EDM of the nuclei using different chiral orders in the PC potential. The discrepancy between the use of the N2LO and the N4LO PC potential is approximately 5%.
We have compared our results with the existing other values reported in literature and in particular with the calculation of Ref. [47] . We have found a substantial agreement with the results reported in Ref. [47] where the small numerical differences can be originated by the different function used to regularize the potential. We have found a qualitative agreement with those of Refs. [19, 49, 50] while we have obtained smaller values compared to Refs. [42, 48] .
Our results depend on eleven coupling constants that 
∆ and a
∆ correspond respectively to the 2-body and 3-body contribution to a∆. To be noticed that in this work we use e > 0.
should be determined by comparing with experimental data. As many authors already pointed out [37, 38, 40] , the size of the coupling constant depends on the CP violating model. Using our study it will be possible, in case of more than one measurements, to determine the LECs and then individuate the TRV source which generates the EDM by comparing the values of the calculated LECs and their predicted sizes.
In future, we plan to use χEFT to derive the TRV currents which give contribution at N2LO [45, 46] . This would allow to have a fully consistent calculation of the EDM of light nuclei up to N2LO. We also plan to study the n − p and n − d spin rotation for an independent and complementary study of TRV effects respect to EDM. It is convenient to decompose the interaction Hamiltonian H I as follows
where H nm has n creation and m annihilation operators for the pion. Explicitly,
etc. Here α j ≡ p j , s j , t j denotes the momentum, spin projection, isospin projection of nucleon j with energy E j = p 2 j + M 2 , q and a denote the momentum and isospin projection of a pion with energy ω q = q 2 + m 2 π , and M nm are the vertex functions listed below. The various momenta are discretized by assuming periodic boundary conditions in a box of volume Ω. We note that in the expansion of the nucleon field ψ we have only retained the nucleon degrees of freedom, since anti-nucleon contributions do not enter the TRV N N and N N N potential at the order of interest here. We note also that in general the creation and annihilation operators are not normal-ordered. After normal-ordering them, tadpoletype contributions result, which are relevant only for renormalization, therefore we discard them hereafter.
The vertex functions M nm involve products of Dirac 4-spinors, which are expanded non-relativistically in powers of momenta, and terms up to order Q 3 are retained. Useful formulas are reported in Appendix F of Ref. [51] . The interaction vertices needed for the construction of the TRV potential, without considering renormalization contributions, are summarized in Fig. 4 . Note that in the power counting of these vertices below, we do not include the 1/ √ ω k normalization factors in the pion fields. We obtain:
1. πN N vertices. The PC interaction term is derived in Appendix F of Ref. [51] . For completeness, here we report the final formula for the PC vertex up to order Q 3 that reads,
In diagrams, these PC vertex functions are represented as open circles. The TRV πN N vertices are due to interaction terms proportional to LECs g 0 , g 1 and g 2 which corresponds to isoscalar, isovector and isotensor interaction, plus terms which derive from L
TRV given in Eqs. (3) and (4). They read (up to order Q 2 ),
S1 τ a + g
V 1 δ a,3 + g (2)
S2 τ a + g
V 2 δ a,3 + g
2. ππN N vertices. The PC interaction is needed up to NLO in the NR expansion at the order we are interested. The corresponding vertex functions will receive contribution from the Weinberg-Tomozawa term and from L
N π . The vertex functions read,
The
α ′ α,q ′ a ′ q a vertex is not needed for the evaluation of the time-ordered diagrams. , where
with,
4. 4N contact interaction. The EFT Hamiltonian includes also the term given in Eq. (A2) derived from a contact Lagrangian. We only need its TRV part of order Q, which includes five independent interaction terms. With a suitable choice of the LECs, the vertex function T RV M 00 can be written as
where (21), and in what follows use is made of the fact that k · K vanishes in the c.m. frame. It is useful to define the isospin operator as,
The TRV N N potential is derived from the amplitudes in Fig. 1 via Eqs. (18)- (20) . Up to order Q included, we obtain for the OPE component in panel (a) of Fig. 1 :
where,
where g * 0 = g 0 + g 2 /3. The contribution given in the first line of Eq. (B8) renormalizes the coupling constants g * 0 , g 1 and g 2 in the OPE term. The terms of Eq. (B8) which are multiplied by the factor m The component of the TRV potential coming from the contact terms in panel (b) of Fig. 1 derives directly from the vertex function T RV M 00 given in Eq. (A22). The final expression has already been given in Eq. (30) . The diagrams reported in panels (c) and (d) contain a combination of a contact interaction with the exchange of a pion. However, it can be shown that their contribution is at least of order Q 3 . Next we consider the TPE components in panels (e)-(h). The contribution from diagrams (e) reads,
where ω ± = (k ± q) 2 + 4 m 2 π and q = dq (2π) 3 . The isovector component of the OPE vertex vanishes since the integrand is proportional to q, therefore there is no isovector component from panel (e). Dimensional regularization allows one to obtain the finite part as,
where Λ χ = 4πf π and the loop function L(k) is defined as
The singular part is given by,
where T RV term proportional to C 2 for the isoscalar part and to C 5 for the isotensor part.
The contributions from panels (f)-(h) in Fig. 1 are collectively denoted as "box" below, and the non-iterative pieces in reducible diagrams of type (h) are identified via Eq. (20) . From the panel (f) we obtain,
while the contribution of panel (g) results,
The complete "box" contribution is given by the sum of V (f) and V (g) and it reads,
where all the isovector terms cancel out. After dimensional regularization, the finite part reads,
where
while the singular part is given by,
The latter is absorbed in the V (CT)
T RV term proportional to C 2 for the isoscalar part and to C 5 for the isotensor part. Now we consider the contributions that come from the panels (i) and (l) of Fig. 1 . At NLO the contributions of the panel (l) cancel out due to the isospin structure of the vertices. The contribution of diagrams (i) result,
Using dimensional regularization we obtain,
To be noticed that the use of dimensional regularization does not give the divergent part of the integral in Eq. (B20). This is due to the fact that the dimensional regularization cannot deal with linear divergences. To explicit the linear divergence we use a simple regularization of Eq. (B20), namely we integrate over q up to a (large) value Λ R . The result for the non divergent part is equal to the one reported in Eq. (B20) while the divergent part reads,
where spurious contributions of order Q 2 /Λ R or more appear but they can be neglected for Λ R → ∞. The divergent part can be reabsorbed in the V (CT)
T RV term proportional to C 4 .
At N2LO the contribution of panel (i) comes both from the second order in the pion propagator (PP) and in the pion-nucleon vertex (PNV). For the former we obtain,
while for the latter,
Also in this case we use the dimensional regularization that permits us to write the finite contribution as,
while the divergent part reads, T RV term proportional to C 4 for the rest. All the divergences related to the term where K is present cancel out.
The N2LO contribution of panel (l) in Fig. 1 is proportional to the LECs c 1 , c 2 and c 3 of the PC sector and it reads,
whereL =r × p is the "reduced" orbital angular momentum operator. In terms of these, V T RV (r, p) can be written as
where j l (x) are spherical Bessel functions and we include a regularization function C Λ (Q) which is defined in Eq. (35) . The functions J i depend only on the modules of x 1 and x 2 and they are evaluated numerically by standard quadrature techniques.
For the O i integrals we get,
which depend only to the angular part of the spatial coordinates x 1 and x 2 . The matrix element of the O i operators between HH functions can easily expressed in terms of products of 9-j, 6-j and 3-j Wigner symbols. 
where the first equation is the standard eigenvalue problem, while with the second we can compute the odd component of the wave function. This approach from the numerical point of view results more stable than solving directly Eq. (D1) and permits to study the odd component of the wave function without solving every time the eigenvalue problem. Let us study now the convergence pattern of the a ∆ (3N ) coefficient, defined in Eq. (46) , in term of the grandangular momentum K of the HH basis (for more details, see Ref. [58, 59] (3N ) coefficient as function of K − , the maximum grandangular momentum of the HH functions used for constructing the odd-parity component of the 3 H wave function. For the even-parity we have used K + = 50, a value sufficient to reach full convergence of the even-parity component of the wave function. The reported calculations are performed using N4LO/N2LO-500 PC interaction.
